Conclusion: DWI parameters obtained by advanced fitting models will be one of the diagnostic tools for the detection of residual tumour.
Introduction
Surgical resection, chemotherapy, radiotherapy, and their combinations are common treatments for head and neck squamous cell carcinoma (HNSCC) [1] . In particular, the use of super-selective arterial infusions of cisplatin with concomitant radiotherapy has become popular for head and neck SCC because of its higher local control rate in advanced cases, especially those in the nasal or sinonasal cavity, oral cavity and pharynx SCCs [2] [3] [4] .
After nonsurgical treatment, the presence or absence of residual tumour must be determined before selecting the next treatment - such as additional surgical resection and chemotherapy - or deciding the details of a follow-up strategy. Although computed tomography (CT) and magnetic resonance imaging (MRI) have been widely used to evaluate the presence of residual tumour tissue, these modalities mainly achieve a morphological evaluation only, and thus it is often difficult to distinguish whether or not post-treatment granulation tissue contains residual tumour [5] . As another method, positron-emission tomography (PET) with 18F-fluorodeoxyglucose (FDG) is widely used for the detection of residual tumour by depicting the high glucose metabolism of residual tumour [6] . However, especially at the early time point after the treatment, post-treatment inflammatory changes (particularly in the sinonasal cavity) cause FDG uptake by their biological activity due to inflammation, which makes it difficult to distinguish post-treatment granulation and residual tumour, resulting in a failure to detect residual tumour in post-treatment granulation tissue [7] . In such post-treatment granulation tissue, the microstructure is thought to contain the post-treatment inflammatory or granulation tissue, but if a certain amount of residual tumour tissue is present, the microstructural characteristics may be different compared to those of only inflammatory granulation tissue. The details of tissue microstructure can be assessed using diffusion-weighted imaging (DWI), which reveals the micro-water diffusion; this indirectly reflects aspects of the microstructural architecture such as the cell membrane [8] . Compared to the conventional model of the apparent diffusion coefficient (ADC) obtained by mono-exponential fitting, multiple advanced models have been reported to well reflect the complicated signal decay of multiple b-value data in DWI [9] [10] [11] [12] . Such advanced models can reflect the microstructural information in greater detail and may detect residual tumour in post-treatment granulation tissues.
We conducted the present study to evaluate the detectability of residual tumour in post-treatment granulation tissue, using parameters obtained with multiple advanced diffusion models in HNSCC patients treated with chemoradiation.
Materials and Methods

Patients
The protocol of this retrospective study was approved by our institutional review board, and written informed consent was waived. We evaluated the cases of 23 patients with HNSCC who were treated at our hospital during the roughly 3-year period from 
Imaging protocols
All MR imaging was performed using a 3. Conventional MR images were also obtained to evaluate the primary tumour.
These images included (a) axial T1-weighted image (T1WI) with a spin-echo sequence (TR, 450 ms; TE, 10 ms; FOV, 240×240 mm; 512×512 matrix; slice thickness, 5 mm;
inter-slice gap, 30%; scanning time, 2 min 12 s), and (b) axial T2-weighted image (T2WI) with a turbo spin-echo (TSE) sequence with fat suppression (TR, 4500 ms; TE, 70 ms; TSE factor, 9; FOV, 240×240 mm; 512×512 matrix; slice thickness, 5 mm;
inter-slice gap, 30%; scanning time, 2 min 06 s).
Data analysis
ROI settings
For the region of interest (ROI) delineation, a board-certified neuroradiologist with 19 years of experience delineated each post-treatment granulation tissue with a polygonal ROI on b0 images; axial T1WI and T2WI were used as reference images ( all granulation tissue voxels from all delineated slices into the total signal intensity. The data analysis was performed using this ROI-based mean value (not a pixel-by-pixel basis) for the maintenance of a sufficient signal-to-noise ratio (SNR), as reported in an investigation using an intravoxel incoherent motion (IVIM) analysis [11] .
Diffusion data calculation denotes the error function described in the previous report [12] . We fitted the signal intensity of b-values in Eqs. (1) to (5) with least square fitting using the Levenberg-Marquardt algorithm.
Statistical analysis
In a univariate analysis, we used the analyzed by multivariate logistic regression models to determine whether they had independent predictive value with odds ratios (OR) and corresponding 95% confidence intervals (CIs). The detected predictive values were also assessed using receiver operating characteristic (ROC) curves constructed for calculating the area under the curve (AUC). We determined the sensitivity, specificity, positive predictive value, negative predictive value and diagnostic accuracy by using the closest point to the upper left corner of the ROC curve in the division of the post-treatment granulation tissues with and without residual tumour. P-values <0.05 were considered significant. SPSS software (IBM, Armonk, NY) was used for all analyses.
Results
We successfully obtained DWI parameters for all post-treatment granulation tissues. Among the 23 patients, seven were found to have residual tumour. The residual tumour of six patients was confirmed by histopathological findings. One residual tumour and 16 granulation tissues without residual tumour were determined by clinical diagnosis at follow-up (mean 21 mos; range 13-47 mos). All of the parameter data are presented in Table 1 .
The univariate analysis revealed significant differences between the local control and failure groups in ADC, D, D k , DDC, α and D s , respectively. The K values tended to be different, but not significantly so (p=0.08). From the ROC curve analysis, the AUC, sensitivity, specificity, positive predictive value, negative predictive value, accuracy and cut-off value were calculated ( Table 2 ). The parameter with the highest AUC was the D s value obtained by the SDM.
The multivariate analysis revealed that the D s and α were independent predictors for determining the presence of residual tumour (Table 3) .
Discussion
We successfully determined the multiple models' diffusion parameters in all post-treatment granulation tissues. In the residual tumour group, the detectability of D s obtained by the SDM may be the best, based on the AUC revealed by the ROC curve analysis, although the slow diffusion coefficient D from the bi-exponential model has the same degree of diagnostic accuracy. In addition, D s obtained by the SDM and α by the SEM were both shown to be independent predictors for the detection of residual tumour.
Another report described the utility of 18F-FDG PET/CT scanning for the detection of residual tumor after curative chemoradiation therapy in HNSCC patients [6] . However, especially in the nasal cavity and sinonasal sinus, the FDG uptake in the post-treatment inflammation is problematic for the detection of residual tumor, and thus clinicians should wait until the inflammation becomes inactive; it will be a long time before the residual tumor can be clearly detected. In comparison, our present findings can be used to help detect residual tumor even in the early period after treatment. Being A limited number of studies have used a non-linear fitting model for the DWI signal decay curve in the post-treatment granulation tissue of head and neck cancer [16] [17] [18] , and no study has compared the use of DKI, SEM, and SDM, to our knowledge. [17] . However, the most powerful predictor they identified was the perfusion fraction f, not the slow diffusion coefficient D. The reason for this discrepancy with our study is difficult to explain. We suspect that it may be due to the difference in the distribution of b-value data, differences in the post-procession parameter calculation methods, and/or the difference in the primary site of SCC.
Additionally, although its diagnostic accuracy was not superior to that of the ADC, the diffusion heterogeneity parameter α obtained by the stretched exponential model was revealed as an independent predictor for the determination of residual tumour by our multiple logistic regression analysis. This parameter might have a somewhat different biological meaning compared to a diffusion coefficient value such as the ADC, D, D k , DDC and D s . The α was considered to reflect the diffusion heterogeneity, which reflected the degree of difference from the signal decay derived by the Gaussian distribution of water diffusion [19] , whereas the value of the diffusion coefficient is thought to reflect the degree of signal decay between the signal intensity of different b-value data. The combination of these parameters of diffusion coefficient and diffusion heterogeneity can reveal more details of post-granulation tissue characteristics. However, these advanced diffusion models provide only the mathematical aspects, and it is unclear which histological tissue characteristics are reflected by these parameters. It is thus necessary to conduct further studies to determine the slice-to-slice and spot-to-spot correlations between histological tissue and these diffusion parameters.
The present study has several limitations. It was a retrospective study, and thus a fixed b-value was used only for the diffusion signal analysis. Although we used low (b=0-100), medium (b=100-400) and high (b=800-1000) b-values for the signal analysis in this study, the appropriate arrangement of b-values for the short scanning time with sufficient reliability was not unclear. The reduction of the b-value for shortening the scan time while maintaining the reliability of the calculated parameters should be assessed in a future study. Cramer-Rao's lower bound theory was described to minimize the number of b-values required for a suitable quantification [20] , and such a technique can be useful for the b-value optimization. Second, we investigated the diagnostic power of DWI parameters only; a direct comparison with other modalities for the assessment of the superiority of diagnostic accuracy was not conducted. Imaging characteristics such as the MR T1-or T2-weighted image signal intensity, the pattern of contrast enhancement, and the shape of granulation tissue will be helpful for the detection of residual tumour [21] . However, the interpretation of these imaging findings differs among radiologists with various types of levels of experience, and even an expert radiologist may miss the diagnosis of residual tumour because there is a wide variety of imaging findings in post-treatment tissue. However, diffusion parameters are quantitative, and their interpretation will be easier than that of imaging findings. Third, we used a scan protocol with only a single scanning session at the early phase after the treatment. In the follow-up, the post-treatment granulation tissue had changed from inflammatory granulation to fibrous tissue. The difference in diffusion characteristics between residual tumor and fibrous granulation was still unclear. In addition, the diffusion parameters' tendency to show time-course changes in granulation tissue with and without residual tumor was also unclear. These issues will be addressed in a future analysis.
In conclusion, advanced diffusion fitting models will be one of the diagnostic tools for the detection of residual tumour in post-treatment granulation. This finding can contribute to the planning of additional surgical resection or chemotherapy after chemoradiation therapy and to the selection of follow-up strategies. 
